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Abstract: To solve tomato planting problems, such as high labor intensity and low efficiency, we
designed a stretchable style pick-up device, which met the requirements of whole-row picking
and improved the efficiency and speed of seedling picking. We designed the parts of the device
according to the height of the seedlings and the size of the tray. Seedling analysis was carried out
and a parametric model created. Additionally, an evaluation of seedling picking was developed,
which included both parallel and vertical displacement. We manufactured the parts according
to the simulation parameters, which were optimized by ADAMS. The parts were assembled and
the trajectory test carried out. When whole-row seedlings were grown for 30 days, the moisture
content was 65.21%, the picking success rate was 92.19%, leaf damage rate was 3.13%, and the
substrate damage rate was 1.54%. The study can provide a reference for the design of automatic
tomato transplanters.

Keywords: pick-up device; stretchable style; kinematical analysis; seedling picking test

1. Introduction

Tomatoes are widely grown in northwest China [1–3]; currently, people usually adopt
a pattern in which seedlings growing in a plastic tray are transplanted. The single seedling
transplanting method cannot meet the requirements for large-scale planting, while the
whole-row seedling picking can improve the efficiency [4]. The pick-up device is one of
the most important parts in the transplanters. At present, the main problems of seedling
picking are low precision and high seedling damage [5].

The Pearson model in the UK and Futura in Italy [6] are the main transplanters
commonly used in European countries; both adopt a clip-type pick-up device. With the
ejection working, the device can pick the seedlings automatically and effectively [7,8]. In
China, there are three different types of the pick-up device: the first type with a style that
rotates back and forth [9–11], the second is telescopic pointer clip-type [12–14], and the
third category uses other methods, such as pushing down [15], air blowing [16], vibration,
or a combination of these [17]. Based on the first type, Jinxin [18] proposed a method
of seedling picking that has a track similar to the Woodpecker. This kind of device can
realize the picking motion applied in different vegetables. With complex structure and less
picking quantity, its working efficiency is limited. Concerning the second pick-up method,
Zhang [19] designed a three-finger-type device according to the TRIZ theory, relying on
the cylinder pushing down to complete the picking process. Only one seedling can be
picked in a working cycle, and the precision is imperfect. For the other picking device,
Wang [20] proposed a pneumatic method by applying a telescopic cylinder; this procedure
is conducted by air blowing. This method is quick in seedling picking, but may cause an
unstable condition such as seedling damage.

In this paper, tomato seedlings are the research object, and we propose a stretchable
style pick-up device. Under push-rod motion to pick the seedlings, this method can improve
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efficiency. To finish the design, we optimized the device’s parameters. We studied the
displacement and force changes in the process of seedling picking, clamping, and releasing.
All of our steps were to achieve high precision and low damage seedling work requirements.
We hope our work can provide reference for the design of automatic tomato transplanters.

2. Device Structure and Working Principle
2.1. Structure of the Device

The main function of the device is to remove the seedlings from the plastic tray and
transport them to the seedling belts. The stretchable slice-type seedling pick-up device is
mainly composed of an upper plate, a fixed rod, a sliding rod, four stretchable slices, two
seedling needles, and a withdrawal rod, as shown in Figure 1. A single seedling picking
assembly completes the seedling picking. The withdrawal rod is installed on the lower
side of the upper plate. When the seedling is taken by the seedling picker, there is adhesion
between the root system and the substrate, so that the seedlings at the hole held by the
seedling needle do not slip (as shown in Figure 1b). When releasing, it can be quickly
separated from the seedling needle under the action of the seedling withdrawal rod (part 7),
which is convenient for the device to push the entire seedling into the seedling belt grid.
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Figure 2. Stretchable unit and overall assembly. 
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Figure 1. Structure diagram of the seedling pick-up device: 1, needle; 2, pins; 3, sliding rod; 4, upper
plate; 5, fixed rod; 6, stretchable slice; 7, withdraw rod.

2.2. Working Principle

Figure 2a shows a single pick-up assembly. Eight assemblies are gathered together
(Figure 2b) to achieve the whole-row seedling picking apparatus. The sliding rod moves in
the upper plate chute driven by the micromotor, thus driving the assembly to complete the
seedling picking and releasing.
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The device is installed at the end of the longitudinal lead screw. Figure 3 is a diagram
of the process, which includes the procedures of picking, transporting, and releasing. The
working order of the device follows: 1© The device is moved back to the preparation
position, the electric push rod is pushed out, and the device picks the seedlings. 2© The
longitudinal lead screw moves upward first, takes the seedlings out of the tray vertically,
and the seedlings that are captured move in an arc. This movement is driven by the test
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bench, which is installed with the horizontal lead screw and vertical lead screw. Each is
equipped with a motor and the transport routes are realized. 3©When the component of the
device reaches the release position, the sliding rod shrinks back, and the device releases the
seedlings under the action of the retreating rod, and falls into the grid of the seedling belt.
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3. Seedling Picking Model
3.1. Force Analysis of the Seedlings

A force analysis of the tomato seedlings was carried out to explore the force of the
tomato seedlings when they are picked by the device and move upwards to escape from
the tray. The factors affecting seedling picking were obtained, and the influence on this
effect was analyzed.

When the device picks the seedlings, the substrate is picked at an angle of α. Figure 4
shows the force analysis when the seedlings are picked. We obtain Equation (1):

(Ff A · cos α + Ff B · cos α) + (FJA · sin α + FJB · sin α)− 2 · sin α · (FNB + FNA)− G = FL (1)
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In Equation (1), FfA(B) represents static friction force of the needle A (B), FJA(B) is the
picking force of needle A (B), FNA(B) signifies the adhesion of needle A (B), G is the gravity
of the seedlings, and FL indicates the seedling pulling force.

When picking seedlings, the needles A and B of the device produce a picking force on
the substrate, FJA and FJB:

FJA = FJB = σ · AJ (2)

In Equation (2), σ is the anticompression characteristic of the substrate and AJ is the
seedling picking area.
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At the same time, when the seedlings are pulled out, static friction is generated in the
direction parallel to the hole wall, FfA and FfB:

Ff A = Ff B = µ · FJA(B) (3)

In Equation (3), µ represents the static friction coefficient of the needles.
In addition, when the tomato seedling grows in the tray, the root system is entangled

with the substrate and adheres to the inner wall of the hole. The adhesion is represented
by FNA and FNB. When the device picks the seedlings and moves upward, it needs to
overcome the self-weight G, adhesion FNA(B), picking force FJA(B), and static friction of the
seedlings FfA(B), so that the seedlings can be successfully removed.

3.2. Device Motion Model

To explore various motion parameters of the device, the parametric model shown in
Figure 5 was established [21], and the rotation center of the fixed rod is the coordinate origin.
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Figure 5. Structure diagram of the pick-up device. OQ, EP, PN, and QM are stretchable slices, MA
and NB are needles, β is the angle between stretchable slice and horizontal plane, α0 is the initial
installation angle of seedling needles and stretchable slices, and α is the angle between the seedling
needle and the horizontal plane.

Point E is one end point of the sliding rod. When the device operates, the stretchable
slice EP moves forward; the angle between the stretchable sheet EP and the x-axis is
represented by β. When the device moves, α is the angle between the seedling needles MA
and NB and the horizontal line; α can be expressed as:

α = α0 − β (4)

In Equation (4), α0 represents the initial angle of the needles (∠QMA and ∠PNB) and
β shows the horizontal angle of stretchable slices (∠OEP and ∠EOQ).

Taking the multiple rods OQMA as the research object, the coordinates of point A can
be expressed as: {

xA = lP · sin α
yA = 2 · lF · sin β + lP · sin α

(5)

In Equation (5), lP is the length of the needles and lF is the length of the stretchable
slices. When the multiple rods EPNB is used as the research object, the coordinates of point
B can be expressed as: {

xB = lF · sin β− lP · cos α
yB = 2 · lF · sin β + lP sin α

(6)
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Knowing the displacement equation of the needle, the first derivative of Equation (5)
with respect to time t can be calculated, and then the velocity expression at point A can
be obtained: { ·

xA = lP · cos α · ·α
·

yA = 2 · lF · cos α · ·α + lP · cos α · ·α
(7)

Taking the first derivative of Equation (6) with respect to time t, the velocity expression
at point B can be obtained:

·
xB = lF · cos β ·

·
β + lP · sin α · ·α

·
yB = 2 · lF · cos β ·

·
β + lP · cos α · ·α

(8)

Taking the derivative of Equation (4) twice, we obtain

·
α = (α0− β)′ = −

·
β (9)

··
α = −

··
β (10)

Differentiating Equations (7) and (8) and combining Equations (9) and (10), the accel-
erations of points A and B can be obtained:

··
xA = −lP ·

·
β

2
· sin α−

··
β cos α

··
yA = −(2 · lF + lP) · (

··
β· cos α +

·
β

2
· sin α)

(11)


··

xB = lF

(
··
β · cos β−

·
β

2
sin β

)
+ lP

(
·
β

2
cos α−

··
β sin α

)
··

yB = 2lF

(
··
β · cos β−

·
β

2
sin β

)
− lP

(
··
β cos α +

·
β

2
sin α

) (12)

From Newton’s second law, it can be shown that the force of the seedling picker is
related to its acceleration. Equations (11) and (12) are the acceleration expressions for points
A and B. The influence of various factors cause the change in the needles’ acceleration,
which changes the magnitude of the force. These factors include the length of the stretchable
slices lF, the length of the needles lP, initial angle of the needles α0, and the horizontal
angle of stretchable slices β. Therefore, the picking force can be optimized by changing
these parameters.

3.3. Evaluation Indicators

To achieve precise picking of tomato seedlings, the displacement changes of points
A and B at the end of the needles were analyzed. This analysis aims to avoid pinching
seedlings and damaging the tray. To achieve these goals, the trajectory of the seedlings
is optimized.

lAB =

√
(lF · sin β− lP · cos α− lP · sin α)2 (13)

From Equations (5) and (6), it can be shown that the ordinates of the two points A
and B are the same, and then the vertical displacement lDA (lDB) of the two points can be
expressed as:

lDA = lDB =
√
[2 · lF · (sin βt − sin β0) + lP · (sin αt − sin α0)]

2 (14)

In Equation (14), βt is horizontal angle of the stretchable slices at time t, β0 represents
the horizontal angle of the stretchable slice at the initial moment, αt is the horizontal angle
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of seedling needles at time t, and α0 shows the horizontal angle of the seedling needle at
the initial moment.

From Equations (13) and (14), it can be shown that the displacement of the end of the
seedling needle is related to the length of the picking needle lP, the length of the stretchable
sheet lF, and the movement time t. These three factors can be used as optimization objects
to explore the influence of parameter changes on seedling picking.

4. Component Design and Simulation
4.1. Component Design

Figure 6 is a schematic diagram showing the height of a whole seedling. When the
stretchable slice is moving, the total length of them in the vertical state should be longer
than the height of the seedlings. Furthermore, to ensure that the needles do not damage
the plastic tray when picking the seedlings, the needle’s length should be less than the
depth of the tray. In addition, the length of the stretchable slice should be longer than the
distance of the electric push rod. According to these requirements, the parameter range of
each component can be obtained:

2lF + lP ≥ H2 + H1
lP ≤ H1
S ≤ lF

(15)
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Figure 6. Schematic diagram of seedling height and the size of the part.

In Equation (15), H1 is the depth of the tray, H2 represents the average height of the
seedlings, and S indicates the electric push rod stroke. According to Equation (15), the
minimum length of the stretchable slice is calculated to be 70 mm. The maximum length of
pick-up needle lP is 36 mm. The optional maximum distance of the electric push rod S is
70 mm.

We designed the device parts using SOLIDWORKS software, which is a common
method adopted by many designers to realize the conception of a product. Four main parts
were designed: upper plate, push/fixed rod, stretchable slice, and picking needle. The
following figures show the design of the parts from different viewing angles.

4.1.1. Upper Plate

As shown in Figure 7, the upper plate is a type of rectangular structure with four
support slices beneath it, where the push rod can move back and forth at will. The outer
dimensions of the upper plate are 90 mm × 100 mm × 16 mm, and the distance between
the supporting slices is 32 mm.
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4.1.2. Push/Fixed Rod

The push rod and the fixed rod are installed, respectively, in the chute and round hole
of the supporting slice. The push rod can move randomly, which realizes the movement
of picking and releasing. The fixed rod can connect with the stretchable slice, which can
rotate around it. The two rods are 120 mm in length and 7 mm in diameter. Figure 8 shows
their structure.
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4.1.3. Stretchable Slices

The stretchable slices are the main components of the devices. As shown in Figure 9,
the initial length is 70 mm and 11 mm wide. Holes with a radius of 3.5 mm facilitate
connection of the device.
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4.1.4. Picking Needle

The picking needle is used to pick the tomato seedlings grown in the plastic tray. As
shown in Figure 10, the length and width of this part are 24 and 8 mm, respectively. The
spade-shaped structure is more conducive to picking of the seedlings.
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4.2. Simulation and Optimization

As shown in Figure 11, simulation of the device is undertaken with the procedure
carried out in ADAMS [22]. As the world’s most well-known and widely used Multibody
Dynamics software, ADAMS improves engineering efficiency and reduces development
costs. Engineers can evaluate and manage complex interactions amongdesigns, including
motion and structures, to better optimize product designs for performance.

The single factor screening method is used. The first step is to determine the reasonable
length of the push rod. On this basis, the phenomenon of reverse crossover of the needles
is eliminated. There are two possible options: one is to reduce the length of the pick-up
needle lP, and the other method is to increase the length of the expansion piece lF. ADAMS
simulations were carried out for the two methods and the distance between the tip of the
needle at the end moment analyzed. In this way, the length of the pick-up needle lP and
the length of the stretch piece lF are determined.
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4.2.1. Push Rod Stroke S

The known maximum stroke of the push rod is 70 mm and its running speed is
15 mm/s; thus, the longest movement time of the putter is 4.667 s. In ADAMS, the exercise
time is set at 4.667 s, and the lateral displacement of points A and B at the end of the needles
is measured.

Available push-rod strokes are 10, 30, 50, and 70 mm. The corresponding movement
times are 0.667, 2, 3.333, and 4.667 s. The results in Figure 12 show that when the exercise
time is 0.667 and 2 s, the distance is 92.42 and 39.38 mm, respectively. Both are smaller
than 32 mm (the length of the upper side of the hole in the tray), which cannot meet the
requirements for taking seedlings. When the movement time is 4.667 s, its distance is
−46.63 mm and the seedling needles are reversed, which easily crushes the substrate and
damages the plug. Therefore, the stroke of the electric actuator needs to be between 30 and
70 mm, so an electric actuator with a stroke of 50 mm is chosen.
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4.2.2. Length of the Needle lP
When the electric push rod has a stroke of 50 mm, the distance between the needles

is −5.8 mm. It indicates that the seedling needles cross in the opposite direction, which
is not conducive to accurate seedling picking. It is necessary to optimize the length of
the pick-up needle lP and the length of the stretchable slices lF to improve the accuracy
of picking. Reducing the needle’s length or increasing the length of the stretchable slices
are possible solutions. The optimized pick-up needle lengths are 36, 24, and 12 mm. The
kinematics simulation is carried out, and the statistical results are shown in Table 1.

Table 1. Motion distance of the point under different needle lengths.

Length of the Needle
lP/mm

Distance between AB at the
End Time/mm

Distance of Vertical Movement
of Point A or B/mm

36 −10.243 116.008
24 −0.185 117.449
12 6.305 114.085

It can be seen from the simulation results that reducing the length of the needles can
avoid the reverse crossing of the needles at the end of the movement. When the length of
the needle is 24 and 12 mm, the distance is −0.185 and 6.305 mm, respectively, which can
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meet the requirements for picking seedlings. When the length of the needle is 24 mm, there
is a larger picking area, which can ensure stable picking. Therefore, a pick-up needle with a
length of 24 mm was selected.

4.2.3. Length of the Stretchable Slices lF
When lF is increased, the optimized stretchable sheet lengths are 75, 85, and 95 mm.

The kinematics simulation is performed again, and the results are shown in Table 2.

Table 2. Motion distance of the point under different lengths of flexible slices.

Length of the Stretchable
Slices lF/mm

Distance between AB at
the End Time/mm

Distance of Vertical Movement
of Point A or B/mm

75 −1.700 89.437
85 −2.549 65.950
95 −4.743 53.675

From Table 2, it can be seen that increasing the length of the stretchable slices has no
obvious effect on reducing the AB reverse crossing. The reverse crossing is more obvious,
so the length of the stretchable slices is the same as the initial value, which is 70 mm.

4.2.4. Displacement and Trajectory of Point A and B

From the simulation described above, it is determined that the stroke S of the push
rod is 50 mm, the length of the pick-up needle is 24 mm, and the length of the telescopic
piece is 70 mm. The distance and vertical distance between AB can be obtained, and the
ideal seedling picking time can also be known.

The displacement curve (Figure 13) shows that from 2.135 to 3.33 s the distance at the
end is −0.185 mm, and the reverse crossing is not obvious. In this process, the vertical
movement distance is 14.55 mm, and the picking point is taken and inserted into one-
third of the substrate. This point is in a suitable picking position, which is conducive to
stable picking.
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Figure 14 illustrates the trajectory curve of the seedling picking. The movement
trajectories of points A and B are completely different. This movement characteristic
ensures stable picking. This trajectory has better positioning and gripping properties.

4.2.5. Running Speed and Acceleration

As can be seen from Figure 15, the speed and acceleration show the same changing
law: a rapid decrease and a stable decrease afterward. In the initial state, the speed and
acceleration of taking seedlings are large, which can quickly reach the substrate plane.

Larger acceleration brings a larger force for taking seedlings, which is more conducive
to successful soil breaking. After the soil is broken, the speed and acceleration are reduced
to ensure stable picking. The reduction in acceleration reduces the picking force, thereby
reducing substrate damage.
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5. Test of the Seedling Pick-Up Device
5.1. Trajectory Test

The parts of the seedling device were manufactured (Figure 16) and assembled, and
the trajectory test carried out. High-speed photography was performed on the movement
process, and the seedling trajectory was obtained after processing. The actual movement
trajectory of the device (Figure 17a) is consistent with the simulated trajectory (Figure 14),
indicating that the actual working trajectory of the device meets the design requirements.
The actual trajectories of point A and B obtained are shown in Figure 18.
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Figure 16. Components of the pick-up device.

In Figure 17b, l1 and l2 of the motion trajectory are measured 10 times; the results
are shown in Table 3. The average distance of l1 is 28.30 mm. When the seedling needles
reach the substrate plane, the distance is smaller than the hole’s top length W1 (32 mm);
this distance makes it easier for the needles to enter the substrate. The vertical movement
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distance l2 is 13.34 mm, and it is inserted into one-third of the matrix, which is in a better
picking position.
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seedlings, and at T3 = 3.33 s, the seedlings are picked; l1 is the distance when the needle touches the
substrate plane and l2 is the vertical displacement of the movement.
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Table 3. Results of trajectory measurement.

No. 1 2 3 4 5 6 7 8 9 10 Average

l1 28.6 28.7 27.2 26.6 29.2 29.8 28.5 28.3 28.8 27.3 28.3
l2 12.8 13.5 14.5 12.7 12.9 12.5 13.8 12.5 13.8 14.2 13.34

5.2. Seedling Picking Test
5.2.1. Evaluation Index

Using seedling success rate Y1, leaf damage rate Y2, and substrate damage rate Y3 as
evaluation indicators, a bench test was carried out. The evaluation indicators of the test are
defined as follows:

Y1 =
n1

n
× 100% (16)

Y2 =
n2

n1
× 100% (17)

Y3 =
m−m1

m
× 100% (18)

In Equations (16)–(18), n is the total number of tomato seedlings in the whole tray, n1
is the number of seedlings successfully taken from the whole plate of tomato seedlings, n2
represents the number of seedlings in which leaves are broken while successfully taken, m
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is the weight of a single seedling, and m1 indicates the weight of a single seedling after its
release. When the number of damaged leaves of a single seedling exceeds three, the tomato
plug seedling is determined to be damaged.

5.2.2. Test Design

The experiment was carried out in the Precision Agriculture Laboratory of Shihezi
University. Seedlings with an age 30~50 d were selected and the moisture content was
35.41%~65.21%. The process of picking and releasing seedlings is shown in Figure 18. The
device picks the seedlings on the left side, moves to the top of the belt on the right side, and
returns to the seedling initial position. It takes 8.228 s for the device to complete the process,
including soil breaking (3.33 s), upward pulling (1 s), conveying (1.831 s), release (1 s), and
return (1.067 s). Eight seedlings are taken during each working cycle, and 58 seedlings are
taken in one minute.

The test was carried out according to the sequence shown in Table 4; 128 seedlings
were used each time. The effect of seedling picking, leaf damage, and substrate damage
were counted. The calculation results are provided in Table 4.

Table 4. Results of the picking test.

No.
Factors Evaluation Index

Growing
Days/d

Moisture
Content/%

Seedling Picking
Success Rate/%

Leaf Damage
Rate/%

Substrate
Damage Rate/%

1 20 35.41 85.16 1.56 2.79
2 20 65.21 84.38 0.78 2.31
3 30 35.41 93.75 2.34 2.07
4 30 65.21 92.19 3.13 1.54
5 40 35.41 94.53 4.69 1.25
6 40 65.21 91.41 3.91 1.15

5.2.3. Analysis of Test Results

The effect of a different number of growing days on each evaluation index was
analyzed; the data are shown in Figure 19. Figure 19a shows that the seedlings with a
growth age of 30 to 40 d and moisture content of 35.41% have the highest success rate.
Because the root system of the seedlings by this time is developed, the method is conducive
to picking. Figure 19b shows that when the growth days increase, the leaf damage rate
also increases. There is no significant relationship between leaf damage rate and moisture
content. The longer the seedlings, the lusher the leaves, and they are easily damaged by the
pick-up device. Figure 19c shows that the substrate damage rate decreases with the increase
in seedling age, and the substrate damage rate of the seedlings with a moisture content of
65.21% is lower. The seedlings with a moisture content of 65.21% have a low breakage rate.
The root system developed has a stronger entanglement effect on the substrate. Increasing
the moisture content increases the adhesion of the substrate, resulting in less scattering
during work.
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The pick-up device has a good effect on the seedlings that have grown for 30 days
and have a moisture content 65.21%. At this time, the success rate of seedling picking was
92.19%, the leaf damage rate was 3.13%, and the substrate damage rate was 1.54%.

6. Conclusions

According to the working requirements of a transplanting machine for picking seedlings
in a row, we designed a stretchable slice-type seedling picker. It is mainly composed of
stretchable slices, moving rods, fixed rods, and other components. Key components were
designed according to seedling height and tray size. A model of the device’s movement
was established and evaluation indexes proposed.

ADAMS was used to carry out kinematic simulation of the device, and we used the
method of distance screening to optimize the stroke of the electric push rod, the length of
the pick-up needle, and the length of the stretchable slices. We obtained better parameters
for the components, and analyzed their displacement, velocity, and acceleration. The results
verify that the seedling picker has the advantages of high seedling picking accuracy and
minor damage to the substrate.

The parts of the device were manufactured and assembled, and a trajectory experiment
completed. Our experimental results show that the actual trajectory is consistent with the
simulated trajectory. The seedling picking test showed that when the seedlings were grown
for 30 days and the moisture content was 65.21%, the success rate of seedling picking was
92.19%, the leaf damage rate was 3.13%, and the substrate damage rate was 1.54%.
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